Cryo-transmission electron tomography (cryo-ET) in association with cryo-focused ion beam (cryo-FIB) 18 milling enables structural biology studies to be performed directly within the cellular environment. 19
Introduction 29
Today, the best method to image the cellular environment in its native state and obtain structural 30 information is Cryo-Electron Tomography (cryo-ET) (Beck & Baumeister, 2016) . Biological samples are 31 vitrified by fast freezing at cryogenic temperature (80 -120 Kelvin) and then imaged using a cryo-32
Transmission Electron Microscope (TEM) following a tomographic acquisition scheme. Cryogenic 33 fixation is instantaneous and it helps to reduce the effects of radiation damage during data acquisition 34 (Dubochet et al., 1988) . This process ensures that all the water contained in the sample is vitreous, 35 therefore solid and capable of withstanding the high-vacuum environment of TEMs while not 36 diffracting the electron beam. As a general guideline, the maximum allowed sample thickness is 37 ~300nm, since most cryo-TEM operate at 300 keV where an electron statistically undergoes a single 38 elastic scattering event in ~250 nm of water (elastic mean free path) ( In contrast to industrial FIB applications (e.g. semi-conductors), all existing procedures for cryo-56 lamellae preparation are performed manually due to the heterogeneity and dose-sensitivity of 57 biological specimens. The immediate effect is that highly trained users are performing an extremely 58 repetitive task. This not only results in an elevated cost, but it also restricts production to a throughput 59 of 5-10 lamellae per day (Danev, One way to counteract the low throughput of cryo-lamella preparation consists of targeting a region 74 based on the known presence of an interesting event or structure. In order to achieve this level of 75 efficiency, the typical approach uses correlative light and electron microscopy techniques which, when 76 properly performed, prevents from imaging areas that do not contain useful information for a specific 77 study (Arnold et al., 2016; Gorelick et al., 2019) . Regardless of the correlative microscopy approach in 78 use, the mismatch between the throughput of cryo-ET and the preparation of lamellae is evident. Here 79 we introduce an automated and reproducible method for on-grid cryo-lamella preparation for vitrified 80 cell. We demonstrate an increased throughput capable of reproducibly producing ~5 lamellae/hour. 81
Since the presented protocol can run unsupervised, the learning phase for new users will be shorter 82 than the current situation. Further, with the appropriate cryo-stage, this protocol opens the possibility 83 for a 24/7 cryo-lamellae preparation. 84
Materials and methods

85
Cell culture and sample cryo-fixation 86 Saccharomyces cerevisiae was cultured in YPD at 30 degrees, cells were harvested when an optical 87 density of 0.6 was reached. Cells were washed twice in PBS and re-suspended in half of the initial 88 volume. 5 µL of cell-containing solution was deposited on a Cu-300 R2/2 grid (Quantifoil™) which had 89 been previously glow discharged for 30 seconds using a Pelco EasyGlow™. Excess solution was 90 removed through manual blotting and cells were vitrified by plunge freezing in a liquid 60/40 91 Ethane/propane mix and stored in liquid nitrogen. 92
Cryo-FIB milling 93
All tests presented here were conducted on a ThermoFisher Helios Ux G4 DualBeam™ equipped with 94 a Leica cryo-stage and a VCT500 cryo-transfer system. Grids were clipped in autogrid cartridges prior 95 to loading into the cryo-FIB. 96
Cryo-FIB control and scripting 97 All manual operations were conducted through the ThermoFisher Xt UI™, while batch cryo-FIB 98 operations were performed using Python 3.6 through the communication API ThermoFisher 99 Autoscript 4.1™ (which is required to control the microscope). Scientific python packages used include 100 numpy, scipy, matplotlib, scikit-image, click, pyyaml and pytest (Hunter, 2007; Oliphant, 2007 On average, every milling step can require time spanning from a few seconds to multiple minutes and 127 the sequence is extremely repetitive and predictable. In this situation, even the most diligent operator 128 will incur a significant time-waste as a consequence of short delays at the start of every step and due 129 to the time required to perform manual realignment. 130
Cryo-TEM
Here, we analysed the preparation workflow and reduced its complexity to the 4 steps: (i) 131 identification of the regions of interest; (ii) opening the lamellae (trenching); (iii) thinning and (iv) 132 polishing the lamellae. Cryo-FIB milling occurs in a high-vacuum environment where the pressure 133 rages from 2e-6 to 5e-7 mBar. Under these conditions the atmosphere around the sample is not 134 completely depleted from water, therefore, the slow growth of a crystalline ice layer on the sample 135 surface is expected over time. Typical contaminations rates measured as crystalline water deposition 136 are specified by the instrument manufacturers to be in the order of 5 -20 nm/hour. In addition, the 137 material that is sputtered while milling can redeposit on neighbouring areas, therefore contaminating 138 finished lamellae. To limit contamination, we concluded that the best course of action is to run the 139 lamella preparation protocol in 3 or more stages. Accordingly, we defined a default protocol that 140 includes 3 stages, first the routine loops through all the regions of interest and open the trenches, 141 then lamellae are thinned to ~500 nm and last they are polished to the desired thickness (100-300 142 nm). Following this protocol, the bulk material removal, which also represents the most time-143 consuming part is carried out over the first two steps, while the polishing step is performed over the 144 last few minutes prior to unloading the sample. The default number of stages for the preparation of 145 the lamellae is three, but users can add or remove stages if the number of conditions required to 146 achieve good lamellae is different on other samples. The presented routine includes stage movement, 147 beam current changes and, most importantly, it requires time. Accordingly, there will be drift and 148 relocation errors to be accounted for. Our proposed protocol follows a low-dose approach similar to 149 the one performed in cryo-ET, where a sacrificial area containing a fiducial marker is used for tracking 150 and focussing, whereas the sample area is imaged only once at low-dose and magnification to define 151 the location of the region of interest. 152 Figure 1 shows a flowchart diagram of the program logic. We minimized the required user interaction: 153 the user provides a configuration file when launching the program (an example file is provided with 154 the package) which contains all the conditions required for the lamella preparation. The parameters 155 defined in the configuration file are fixed for each batch job and include the milling and imaging 156 currents, the depths, the field of view size, as well as the fiducial and the lamella sizes. The milling 157 depth for lamellae and fiducials are set in the configuration file, but, where required, they can be set 158 independently for each location. This decision was made to provide a good compromise between the 159 flexibility and setup time. Lamellae locations are interactively selected together with the location of 160 the tracking area. In order to improve reproducibility, a small cross-shaped fiducial marker is FIB milled 161 in the centre of the tracking area. The fiducial marker assists image re-alignment after stage 162 movements and shifts due to changes in the ion beam current. The image containing the fiducial 163 marker is updated after every re-alignment to take care of eventual degradations that might occur in 164 response to imaging. In principle, this area can be used to correct against drift during the milling 165 procedure, but we found that on two systems with different cryo-stages (both ThermoFisher Helios 166 G4) this option is not needed given the short time that each milling stage requires. Since the sample 167 thickness can vary substantially across locations, we kept the possibility to adjust the desired FIB 168 milling depth individually for each lamella and fiducial. This setup procedure is repeated for as many 169 locations as the user wishes to mill and the only constraint here is the time required for milling. The Since the tracking procedure follows a low-dose acquisition scheme, the site where the lamella will be 175 prepared is going to be imaged only once using the ion beam and twice using the SEM (optional). In 176 order to help the users during the protocol optimization for each sample and for documentation 177 purposes, we added the option to acquire full-field ion beam images at each stage of the process, but 178 in general, this option would not be used so the sample conditions can remain pristine. The ion beam 179 image that is acquired at the beginning of the process to define the lamella position and the tracking 180 area generally will have a low resolution and fast dwell time to minimize the dose applied to the 181 sample. In our experiments, we have found that a field of view of 50 µm acquired with a pixel size of 182 32nm provides a good image quality when using 10-30 pA of current with dwell times comprised 183 between 50 and 300 nsec. Under these conditions, the dose is extremely low but the alignment 184 precision is limited by the pixel size. Accordingly, we have set the possibility of acquiring the tracking 185 images (restricted to the sacrificial area) with a smaller pixel size (e.g. 8 or 16 nm) and dose, therefore 186 making the alignment process significantly more precise. Further, in order to increase the flexibility in 187 case a user needs to image samples that do not align efficiently with the provided algorithm, we set 188 up the code structure to allow custom frequency filtering and real space masks to be applied, or even 189 the replacement of the alignment function with another algorithm. 190
In figure 2 we show a gallery through the lamella preparation procedure. The cross mark visible in the 191 image represents the centre of the tracking area and has a size of 6×6 µm. In order to respond to the 192 variability of the sample topology, we made sure that the position of the fiducial and the lamella can 193 be selected and do not have a strict relative position. The only limits set are to prevent the milling 194 areas to overlap between fiducial and lamella as well as to prevent any of the two areas to be outside 195 the field of view. 196
We tested the robustness of the procedure by setting up batch preparation jobs with multiple (3-5) 197 lamellae. Our results indicate high reproducibility throughout each job with lamellae thicknesses 198 always comprised between 210 nm and 250 nm. The throughput was measured to be 4 to 5 199 lamellae/hour depending on the sample thickness. In supplementary figure 1, we show a gallery 200 comprising 5 lamellae which have been prepared in 47 minutes from the beginning of the batch 201 procedure. The setup phase (selecting sites and defining tracking markers) for that job required 202 approximately 12 minutes. In order to ensure that the quality of the samples is not compromised, we 203 inspected all lamellae through cryo-TEM (see figure 3 and supplementary figure 2) , and imaged a 204 subset via cryo-ET ( figure 4 and supplementary video) , therefore ensuring the suitability for 205 downstream analyses. The level of curtaining is comparable to what has previously been reported 206 from manual preparation. Although in this case, we have noticed that the length of the lamella directly 207 correlates with the level of curtaining. This observation correlates with the fact that we applied the 208 same ion dose when preparing all lamellae (supplementary figure 2) . 209
Our results show that by automating the lamella preparation it is possible to prepare uniform lamellae 210 with the desired thickness at a rate which is far greater than what could be reproducibly achieved with 211 manual operation. The average preparation time for 1 lamella is ~9 minutes, excluding sample loading, 212 initial alignment and selection of the regions of interest. From experience, users will require about 1 213 hour for stage cooling and sample loading, then Pt deposition and general imaging of the samples for 214 navigation will require ~10-15 min. Then, when the procedure starts, the basic navigation is conducted 215 through the microscope UI and the user must ensure that when a region of interest is selected the 216 sample is at the coincidence height. This is important because the overview images acquired with the 217 SEM before and at the end of the milling procedure can provide immediate feedback on the quality of 218 each lamella before going to the cryo-TEM. If the stage is not at the correct height the SEM images 219 will not include the lamella site. Further, if the user chooses to compensate for the beam convergence 220 (optional), the stage tilt will change by 1-4 deg. If the stage is not at the correct height the region of 221 interest will move outside the field of view. Our experience shows that the user supervised part of the 222 procedure which includes the selection of the regions of interest and the preparation of the fiducial 223 requires ~2-3 minutes/site. Accordingly, if a user loads 2 grids and selects 20 sites/grid the preparation 224 time from stage cooling to the completion of 40 lamellae would be between 10 and 11 h, with the 225 polishing step conducted through the last 1.5 h. 226
The typical duration of a cryo-FIB session is limited by the liquid nitrogen supply (ThermoFisher and  227 Quorum cryo-stages can be kept cold for ~11 h, while Leica cryo-stages have the possibility to refill 228 the liquid nitrogen dewar and provide sessions that are longer than 24 h). The automation and the 229 fact that the procedure runs mostly unsupervised ensures that for ~8 h users do not need to be on-230 site. Accordingly, this opens up the possibility to prepare cryo-lamellae with a 24 h continuous 231 operation of the microscope and therefore lead to ~80 or more lamellae/day. Considering the latest 232 developments in regards to fast cryo-ET acquisition it will be possible to match this throughput on the 233 TEM (Chreifi et al., 2019) . Even in the situation where the above-described throughput is not required, 234 a protocol providing up to 40 lamellae during a daytime session will shorten the user queue around 235 cryo-FIBs, therefore, allowing more projects to be conducted in facilities where the availability of 236 instrumentation is limited in relation to the number of users. the required parameters is loaded (e.g. lamella size, currents, etc.). The process can be divided into 253 two sections, a human supervised section followed by the automated lamella preparation across all 254 selected locations. The supervised section requires users to interactively select the locations. The 255 general navigation can be performed through the ThermoFisher Xt UI™ or ThermoFisher MAPS™ 256 (where available). In order to achieve an optimal performance, the user must adjust the focus and 257 ensure the sample stage is at the coincidence point between the FIB and SEM beams. The position of 258 the fiducial marker (used for image realignment) and the lamella can be defined anywhere within the 259 field of view. This section is performed as many times as the number of lamellae required. Once all 260 sites of interest have been selected the automated section starts. Here, automated ion beam milling 261 is performed for all selected samples. First, the initial trenches are opened for every sample (typically 262 using a higher milling current). Then the FIB milling current is reduced and every sample is further 263 thinned until the final polishing step. Every time the sample stage is moved or the FIB milling current 264 is changed, the sample position is checked using the fiducial marker and correction is done through 265 beam-shift. The compensation for the beam convergence can be specified in the input configuration 266 file and can be changed for each milling stage. 267 
